Nonalcoholic fatty liver disease (NAFLD) covers a spectrum of disorders, ranging from simple steatosis to nonalcoholic steatohepatitis (NASH) and cirrhosis. Given the burgeoning national and global obesity epidemic, NAFLD is predicted to surpass all other forms of liver disease as a cause for liver transplantation (1). NAFLD is characterized by excess hepatic lipid accumulation; however, the added presence of insulin resistance (so-called "metabolic" NAFLD) results in features of metabolic syndrome and markedly increases the incidence of type 2 diabetes (T2D) and cardiovascular disease (CVD) (2) . There is also a strong association between liver fat and peripheral insulin sensitivity in nondiabetic individuals, suggesting that intrahepatic triglyceride (IHTG) accumulation may have important systemic consequences that adversely affect insulin sensitivity in other tissues (3) .
Some obese individuals remain metabolically healthy, and NAFLD is observed in the nonobese (2) . In such individuals, NAFLD is linked to common genetic variants in genes, such as patatin-like phospholipase domain-containing 3 (PNPLA3) or transmembrane 6 superfamily member 2 (TM6SF2) (2, 4) . PNPLA3 exhibits hydrolase activity against triglycerides (TGs), and variations in PNPLA3 can lead to TG accumulation in hepatocytes (5) . TM6SF2 has been proposed to regulate liver fat metabolism and promote increases in cellular TG concentrations (6) . Although variants in these genes impact IHTG and predict advanced liver disease, the variants are intriguingly not associated with insulin resistance or increased risk of T2D or CVD (2) . Fatty acid and TG profiles in the liver of humans with genetic NAFLD markedly differ from profiles in individuals with metabolic NAFLD (7). It is not clear why some individuals, but not others, develop full-blown metabolic syndrome including NAFLD. Could interindividual differences in diet composition underlie the susceptibility to metabolic disorders?
Dietary intervention studies in human volunteers have shown that isocaloric substitution of carbohydrate with fat increases liver fat content (8) . Moreover, the type of fat added to the diet matters. Diets rich in saturated fatty acids induce a greater increase in liver fat and insulin resistance compared with isocaloric diets enriched with monounsaturated or polyunsaturated fatty acids (7) . The mechanisms whereby saturated fat modulates hepatic metabolism are incompletely understood; specifically, it is not entirely clear why glucose metabolism in the liver becomes insulin resistant in response to saturated fat feeding and how saturated fat increases liver fat content. Of note, various intrahepatic inflammatory processes and regulatory signaling pathways have been proposed to contribute to the pathogenesis of NAFLD. Inflammatory triggers, including LPS, promote TLR4-induced cytokine release by hepatic Kupffer cells, resulting in JNKmediated insulin resistance (9) . PPARs also play a role in modulating hepatic TG accumulation and hepatic fat oxidation (9) . Since fatty acids can regulate the transcription of inflammatory and metabolically relevant genes (10), dietary fat might impact some or all of the above pathways.
Carefully controlled feeding studies that used multiple tracers have shown a measurable clearance of dietary lipid to the liver and the contribution of this clearance to intrahepatic IHTG (11) (12) (13) (14) . For example, Carpentier and colleagues used PET coupled with computerized axial tomography (CAT) technology to show the uptake of dietary fat in the liver over a six-hour period (15) . Of note, it has long been established that dietary fat constitutes the smallest source of lipid that can enter IHTG pools, contributing roughly 10% to 20% of liver TG fatty acids compared with the plasma free fatty acid (FFA) Nonalcoholic fatty liver disease (NAFLD) is characterized by excess accumulation of fat in the liver. In some cases, NAFLD is also accompanied by insulin resistance, resulting in metabolic dysfunction. Dietary fat content probably influences both NAFLD and insulin resistance; however, the immediate effects of fat consumption have not been fully explored. In this issue of the JCI, Hernández et al. evaluated hepatic glucose and lipid metabolism in humans and mice following a single oral dose of saturated fat. This one bolus of fat resulted in a measurable increase in insulin resistance, hepatic triglycerides, and gluconeogenesis. In mice, the saturated fat bolus resulted in the induction of several NAFLD-associated genes. Together, the results of this study indicate that saturated fat intake has immediate effects on metabolic function. jci.org Volume 127 Number 2 February 2017 in contrast to the human subjects, mice in this study did not exhibit peripheral insulin resistance or an increase in IHTG in response to the oral fat load. This discrepancy validates the observations that activation of various intrahepatic pathways mediates hepatic insulin resistance (9), while IHTG is more strongly linked with systemic insulin resistance (3). The greatest effects of the mechanisms underlying metabolic disease occur during the fed state as the result of entry of exogenous nutrients (a meal) against a backdrop of excess endogenous nutrient production. In this way, an elevated fasting concentration of glucose is made worse after a meal by both meal glucose absorption and the lack of suppression of endogenous EGP. The findings of Hernán-dez et al. further advance this concept by highlighting the impact of one macronutrient (fat) on another (glucose) and by demonstrating the negative impact of fat consumption on subsequent whole-body and hepatic glucose metabolism, thereby pointing to mechanisms of nutrient toxicity. Indeed, a high-fat meal consumed the night before an oral glucose tolerance test (OGTT) was associated with higher glucose and FFA concentrations during the OGTT, despite insulin levels that were comparable to levels observed the morning after a high-carbohydrate meal (19) . It is important to note that the higher FFA concentrations observed after fat consumption are not likely due to greater adipose FFA output but rather originate from spillover of fatty acids through chylomicron-TG hydrolysis (20, 21) . The naturally extended time of absorption of such a large bolus of orally ingested fat results in a spillover of dietary fatty acids into the plasma FFA pool throughout the eight-hour postprandial period -the magnitude of which is proportional to the amount of fat in the meal (22) . The ability of fatty acids to stimulate gluconeogenesis and EGP remains somewhat underappreciated (23) , and the present study by Hernández et al. shows that such a "cross-macronutrient effect" may occur, even acutely after a single bolus of lipid.
Conclusions and future directions
Future avenues to extend the work of Hernández and colleagues include examining the relevance of these findings in women, as only male subjects were included in this vivo with 13 C/ 31 P/ 1 H and ex vivo with 2 H magnetic resonance spectroscopy (MRS) combined with 2 H 2 O ingestion before and during insulin clamps with isotope dilution. In humans, the fat bolus caused insulin resistance in muscle, liver, and adipose tissue, with increased hepatic TG and ATP content and enhanced gluconeogenesis. It is perhaps noteworthy that insulin levels increased substantially both from the fat bolus and during subsequent hyperinsulinemic clamps, which could potentiate the rise in IHTG. The relatively small change in IHTG following one oral fat bolus in these lean, nondiabetic subjects raises the question as to what extent this affected endogenous glucose production (EGP), or whether other factors such as increased TCA cycle activity, fat oxidation, or energy sensing in the liver might mediate these effects. Complementary rodent studies provided evidence to suggest that dietary saturated fat might promote NAFLD by activating LPS-induced genes, PPARs, and other known and suspected regulators of NAFLD, thus providing a potentially unified hypothesis whereby fat intake impacts both IHTG and insulin resistance (Figure 1) . Intriguingly, pool, which can contribute 60% to 100% of liver TG fatty acids, and compared with de novo lipogenesis, which can contribute up to 30% to 40% of IHTG (13, 14, 16) . However, a recent study described the development of gradient-enhanced heteronuclear single-quantum coherence (ge-HSQC) spectroscopy for the in vivo detection of hepatic C-labeled fatty acids into IHTGs after a single high-fat meal, suggesting that a substantial amount of liver fat can originate directly from the storage of meal-derived fat (17) , particularly given the increased insulin levels that would be expected following such a meal.
A single fat bolus packs a punch
The apparent discrepancy between these studies set the stage for the elegant and comprehensive human and mouse studies presented by Hernández et al. in this issue (18) . Hernández and colleagues used state-of-the-art techniques to examine the short-term impact of oral saturated fat (palm oil) administration on in vivo metabolic fluxes and hepatic gene expression. Hepatic metabolism was studied in study, and the uptake of fatty acids by the liver may be greater in men than in women (24) . While Hernández et al. used water intake as the control to evaluate the effect of a fat bolus, future comparisons with an unsaturated fatty acid or a protein bolus will be helpful to distinguish the effects of saturated fatty acids per se under isocaloric conditions. The isolated impact of large quantities of saturated fat was examined with the intent of avoiding any confounding effects of other nutrients. Given the interaction between dietary lipid handling and glucose metabolism, it would be intriguing to use these sophisticated methodologies to investigate the impact of saturated fat present in mixed meals, with more physiologic fat content, to better understand cross-macronutrient effects. It will be particularly interesting to extend these studies to the physiology of sedentary, overweight individuals with fatty liver disease, as subjects with T2D acutely incorporated dietary fatty acids into IHTG to a greater extent than did lean individuals (25) .
